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Abstract

White matter (WM) microstructural properties change across the adult lifespan and with neuronal 

diseases. Understanding microstructural changes due to aging is paramount to distinguish them 

from neuropathological changes. Conducted on a large cohort of 147 cognitively unimpaired 

subjects, spanning a wide age range of 21 to 94 years, our study evaluated sex- and age-related 

differences in WM microstructure. Specifically, we used diffusion tensor imaging (DTI) magnetic 

resonance imaging (MRI) indices, sensitive measures of myelin and axonal density, and myelin 

water fraction (MWF), a measure of the fraction of the signal of the water trapped within the 

myelin sheets, to probe these differences. Furthermore, we examined regional correlations between 

MWF and DTI indices to evaluate whether these metrics provide information complementary 

to MWF. While sexual dimorphism was, overall, nonsignificant, we observed region-dependent 

differences in MWF, that is, myelin content, and axonal density with age and found that both 

exhibit nonlinear, but distinct, associations with age. Furthermore, DTI indices were moderately 

correlated with MWF, indicating their good sensitivity to myelin content as well as to other 

constituents of WM tissue such as axonal density. The microstructural differences captured by 

our MRI metrics, along with their weak associations with MWF, strongly indicate the potential 

value of combining these outcome measures in a multiparametric approach. Furthermore, our 

results support the last-in-first-out and the gain-predicts-loss hypotheses of WM maturation 

and degeneration. Indeed, our results indicate that the posterior WM regions are spared from 

neurodegeneration as compared to anterior regions, while WM myelination follows a temporally 

symmetric time course across the adult life span.
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INTRODUCTION

Myelin loss and axonal damage of cerebral white matter (WM) have been associated with 

various neurological conditions such as Alzheimer’s disease (AD), Parkinson’s disease 

(PD), schizophrenia, multiple sclerosis, and traumatic brain injury (1–5). Characterizing 

the effect of normative aging on cerebral tissue integrity is fundamental to develop 

insights into normal physiology and distinguish it from neuropathology. Indeed, age is 

the main risk factor of neurodegeneration, leading to deficiencies in cognitive and motor 

functions, with more severe degeneration resulting in age-related diseases, including mild 

cognitive impairment (MCI) and dementias (4, 6–11). Although postmortem histological 

studies provide demonstrations of lifespan differences in cerebral microstructural integrity, 

including changes in myelin content and axonal density (10, 12), they are limited in their 

ability to perform correlative studies with cognitive outcomes or therapeutic interventions. 

Therefore, in-vivo characterization of differences in cerebral tissue microstructure with 

aging is paramount for identifying neuroimaging biomarkers of tissue status, distinguishing 

age-dependent changes from neuropathological changes, and evaluating treatments.

Previous studies have examined the effect of age on cerebral microstructure using, 

prominently, diffusion tensor imaging (DTI) indices such as fractional anisotropy (FA), 

mean diffusivity (MD), radial diffusivity (RD), and axial diffusivity (AxD); these magnetic 

resonance imaging (MRI) metrics have all been shown to represent sensitive probes of 

tissue microstructural integrity (13–22). However, results from these studies are sparse 

and conflicting, with some investigations indicating nonlinear trends of DTI-indices with 

age, while others have depicted linear or no trends (13, 17, 19, 23–25). Furthermore, 

although RD and FA are conventionally used as metrics to probe myelin content, the 

underlying structural mechanisms responsible for all DTI-indices are difficult to define due 

to their sensitivity to several tissue properties, including hydration, macromolecular content, 

axonal density, myelin content, and architectural features (26). Advanced relaxometry-based 

methods have been introduced to improve specificity of MR-based myelination studies 

through quantification of the myelin water fraction (MWF) (2, 27–50), and have been 

applied extensively to study the myelination patterns in diseases and neurodevelopment (1, 

4, 31, 50–54). Although these investigations have provided pivotal insights into cerebral 

microstructural changes with aging and neuropathology, the literature regarding differences 

in MWF trends with age or sex remains limited and with conflicting results. Indeed, studies 

have found that MWF follows an inverted U-shaped trend with normative aging across 

different brain regions (19, 33, 55), indicating brain maturation until middle age, followed 

by a gradual process of demyelination, while others have found linear or no trends in MWF 

with advancing age (39, 56, 57). These results highlight the outstanding need for further 

advanced investigations on larger and well-characterized study cohorts.
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Mounting evidence suggests that early maturating cerebral structures, such as the posterior 

regions, are spared from neurodegeneration as compared to the late maturating structures, 

such as the anterior regions; this is known as the retrogenesis paradigm (58, 59). In 

pioneering work, Bartzokis and colleagues postulate that, unlike heavily myelinated WM 

structures, late-myelinating WM structures are the earliest and most affected in AD, and 

concomitant damage to these fibers increases susceptibility to accumulation of amyloid-

β and iron (60–64). The retrogenesis paradigm can be broken down into two main 

hypotheses, namely, the last-in-first-out hypothesis and the gain-predicts-loss hypothesis. 

The former suggests that slowly developing brain structures are the most vulnerable to 

neurodegeneration, while the latter hypothesis suggests that the maturation rate during 

neurodevelopment is equal to the rate of neurodegeneration at older ages. Therefore, 

knowledge of a tissue state in adulthood should predict the tissue state at a symmetric 

age after the peak. Emerging MRI evidence supports the retrogenesis paradigm (58, 65, 

66). However, these investigations are still limited and were conducted using sensitive, but 

nonspecific, quantitative MRI techniques including relaxation times and DTI indices (19, 65, 

66).

In this current work, we studied a large cohort of cognitively unimpaired subjects (N = 147) 

across the extended age range of 21–94 years. Our main objectives are to characterize age- 

and sex-related microstructural correlates by determining the DTI indices and MWF using 

our recently introduced method (34, 35, 67), within selected WM structures. We expect that 

combining different quantitative MR parameters will provide complementary information to 

dissociate the multiple biological processes involved in WM maturation and degeneration 

(19, 56, 68–71). Furthermore, we compared regional MWF estimates with widely used DTI 

indices of myelin content (FA, RD), axonal damage (AxD), and tissue composition (MD) to 

determine whether the information provided by these imaging biomarkers is complementary 

or redundant to MWF. We further evaluate whether a reduction in myelin content, as 

measured by MWF, could explain the age-related changes seen in some of these other 

parameters. Lastly, we sought to investigate the retrogenesis paradigm in this cohort of 

well-characterized cognitively unimpaired participants.

METHODS

Study cohort

Our study cohort consisted of cognitively unimpaired participants drawn from the Baltimore 

Longitudinal Study of Aging (BLSA) (72, 73), and the Genetic and Epigenetic Signatures 

of Translational Aging Laboratory Testing (GESTALT); two ongoing healthy aging cohorts 

at the National Institute on Aging to evaluate multiple biomarkers related to aging. The 

inclusion and exclusion criteria for these two studies are identical. Participants underwent 

a battery of cognitive tests and those with cognitive impairment were excluded (74). A 

detailed description of the cohort is presented in Table 1 and Figure 1. We note that 

age was not significantly different between men and women. Experimental procedures 

were performed in compliance with our local Institutional Review Board, and all subjects 

provided written informed consent.

Kiely et al. Page 3

Neuroimage. Author manuscript; available in PMC 2023 February 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



MR imaging and parameters mapping

MRI experiments were performed on a 3T whole body Philips MRI system (Achieva, 

Best, The Netherlands) using the internal quadrature body coil for transmission and an 

eight-channel phased-array head coil for signal reception.

MWF determination—3D spoiled gradient recalled echo (SPGR) images were acquired 

with flip angles (FAs) of [2 4 6 8 10 12 14 16 18 20]°, echo time (TE) of 1.37 ms and 

repetition time (TR) of 5 ms, as well as 3D balanced steady state free precession (bSSFP) 

images acquired with FAs of [2 4 7 11 16 24 32 40 50 60]°, TE of 2.8 ms and TR of 5.8 ms. 

The bSSFP images were acquired with radiofrequency excitation pulse phase increments of 

0 or π in order to account for off-resonance effects (75). All SPGR and bSSFP images were 

acquired with an acquisition matrix of 150 × 130 × 94, and voxel size of 1.6 mm × 1.6 mm × 

1.6 mm. To correct for excitation radio frequency inhomogeneity, we used the double-angle 

method (DAM) (76) by acquiring two fast spin-echo images with FAs of 45° and 90°, TE of 

102 ms, TR of 3000 ms, and acquisition voxel size of 2.6 mm × 2.6 mm × 4 mm. All images 

were acquired with field of view of 240 mm × 208 mm × 150 mm.

After thorough visual inspection of data quality for each participant, the scalp, ventricles 

and other nonparenchymal regions within the images were eliminated using the BET tool as 

implemented in the FSL software (77). Then, using the FLIRT tool of FSL (78), all SPGR, 

bSSFP and DAM images were linearly registered to the averaged SPGR image over FAs, 

and the derived transformation matrix was then applied to the original SPGR, bSSFP and 

DAM images. Next, a whole-brain MWF map was generated using the BMC-mcDESPOT 

analysis from the co-registered SPGR, bSSFP and DAM datasets (1, 34, 35, 67). Briefly, 

BMC-mcDESPOT assumes a two-component system consisting of a slowly relaxing and a 

more rapidly relaxing component. The rapidly relaxing component corresponds to the signal 

of water trapped within the myelin sheets while the slowly relaxing component corresponds 

to intra/extra cellular water. Analysis was performed explicitly accounting for nonzero TE as 

incorporated into the TE-corrected-mcDESPOT signal model (67).

DTI-indices determination—The DTI protocol consisted of diffusion-weighted images 

(DWI) acquired with single-shot EPI, TR of 10 s, TE of 70 ms, two b-values of 0 and 

700 s/mm2, with the latter encoded in 32 directions, acquisition matrix of 120 × 104 × 

75, and acquisition voxel size of 2 mm × 2 mm × 2 mm. All images were acquired with 

field of view of 240 mm × 208 mm × 150 mm. The DW images were corrected for eddy 

current and motion effects using the affine registration tools as implemented in FSL (78), 

and registered to the DW image obtained with b = 0 s/mm2 using FNIRT. We used the DTIfit 
tool implemented in FSL to calculate the eigenvalue maps which were used to calculate FA, 

RD, MD and AxD (79).

Parameter maps registration

As indicated above, the scalp, ventricles and other nonparenchymal regions within the 

images were eliminated using the BET tool as implemented in FSL (77). The SPGR image 

averaged over FAs for each participant was registered using nonlinear registration (FNIRT 

in FSL, with 12 degrees of freedom) to the Montreal Neurological Institute (MNI) standard 
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space image and the derived transformation matrix was then applied to the corresponding 

MWF map. Similarly, the DW image obtained at b = 0 s/mm2 was nonlinearly registered 

to the MNI atlas and the calculated matrix of transformation was then applied to the 

corresponding FA, RD, MD, and AxD maps.

ROIs determination

Fourteen WM structures were chosen as regions-of-interest (ROIs) from the MNI atlas 

provided in FSL. These WM regions were defined from the Johns Hopkins University 

(JHU) ICM-DTI-81 atlas encompassing the whole brain (WB) WM, frontal (FL), occipital 

(OL), parietal (PL) and temporal (TL) lobes WM, cerebellum (CRB) WM, corpus callosum 

(CC), internal capsule (IC), cerebral peduncle (CP), corona radiata (CR), thalamic radiation 

(TR), fronto-occipital fasciculus (FOF), longitudinal fasciculus (LF), and forceps (FO). All 

ROIs were eroded to reduce partial volume effects and imperfect image registration, and to 

mitigate structural atrophy seen especially at older ages. For each ROI and participant, the 

mean MWF, FA, MD, RD and AxD values were calculated.

Statistical analyses

In this study, we conducted four different analyses:

1. Effects of age and sex on MWF and DTI-indices: the goal of this analysis was to 

investigate age and sex effects on MWF, RD, FA, MD, and AxD. For each ROI, 

a multiple linear regression model was evaluated using the mean ROI values for 

MWF, FA, MD, RD or AxD as the dependent variable and sex and age as the 

independent variables. We incorporated a quadratic age term, age2, after mean 

age centering, in the regression model given by:

Pi = β0 + βsex × sexi + βage × agei + βage2 × agei2,

where Pi is the mean ROI value of the parameter of interest (i.e., MWF, FA, 

MD, RD, or AxD) of participant i. This analysis was conducted using the fitlm 
function as implemented in the MATLAB software.

Furthermore, for each ROI and each parameter, we performed a likelihood-ratio test for the 

regression models with and without a quadratic age term to assess whether the data supports 

a linear model or a quadratic model.

2. Correlation analysis between MWF and DTI indices: it has been widely assumed 

that the DTI outcomes, especially FA and RD, could serve as specific metrics to 

probe differences in myelin content with neurodevelopment or neuropathology 

(80–82). Here, for each ROI, we tested this assumption using Pearson correlation 

by correlating each derived DTI parameter, that is, FA, MD, RD or AxD to 

MWF, which represents a more specific measure of myelin content (2, 83, 84).

3. The last-in-first-out hypothesis: the retrogenesis paradigm suggests that the early 

maturating cerebral structures, that is, the posterior regions, are spared from 

neurodegeneration as compared to the late maturating structures, that is, the 
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anterior regions. To test this, we calculated the age at the maximum or minimum, 

as appropriate, of the parameter under consideration for each ROI.

4. The gain-predicts-loss hypothesis: the gain-predicts-loss hypothesis suggests that 

the rate of tissue gain during maturation at younger age will equal the rate of 

tissue loss during degeneration at older age (65). Therefore, knowledge of a 

tissue state in early adulthood should predict the tissue state at a symmetric age 

post peak. To test this paradigm, we characterized the lifespan changes in MWF 

and DTI indices for each ROI by fitting the data to a piecewise linear model 

as described previously (60). For each ROI, a piecewise linear model consisting 

of two segments was developed, with the first corresponding to maturation and 

the second to degeneration. The point of transition was defined as the maximum 

or minimum, as appropriate, of the parameter under consideration. The slopes 

of these two segments defined the rates of maturation and degeneration; their 

absolute values were compared statistically for each ROI investigated (85).

For each analysis, the threshold for statistical significance was taken as p < 0.05 after 

correction for multiple ROI comparisons using the false discovery rate (FDR) method (86, 

87). All analyses were run using MATLAB software.

RESULTS

Age and sex effects on MWF and DTI indices

Figure 2 illustrates the regional differences in MWF and DTI indices maps across the 

adult lifespan, demonstrated using one representative slice from averaged brain maps 

from participants within each age decade. The parameter maps exhibit tissue contrast 

between different brain substructures and across age decades. Visual inspection suggests 

regional increases in MWF from early adulthood until middle age, 40–59 years, followed 

by decreases in MWF at older ages. In contrast, visual inspection of FA maps suggests, 

overall, regional decreases with age while MD, RD and AxD maps suggest, overall, regional 

increases with age within most brain regions.

Figure 3 shows the MWF and DTI indices as a function of age for 5 representative WM 

regions investigated. Visual inspection indicates that MWF and FA generally increase until 

middle age, followed by a decline with advanced age. Conversely, MD, RD and AxD 

generally decrease until middle age, followed by an increase afterwards. The best-fit curves 

indicate that while the fundamental nonlinear relationship between MWF or DTI indices 

and age was consistent across all ROIs, the age curves displayed regional variation, as 

expected. Furthermore, our statistical analysis revealed significant age effects on MWF and 

DTI indices for most cerebral structures studied (Table 2). Similarly, the quadratic effect of 

age, that is, age2, on all investigated parameters was significant in most ROIs. The p-values 

associated with this statistical analysis are shown in our Supplementary Materials (Table 

S1). To further support our choice of model, we applied the likelihood-ratio test to determine 

whether the model incorporating a quadratic age term better described the data. For all ROIs 

and each MR parameter, the likelihood-ratio test indicated that the model incorporating 

a quadratic age term provided significantly better fit to the data in all ROIs investigated, 
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expect the CP and LF structures for FA (Table 3). Finally, the sex effect was limited to a very 

few structures for all metrics. Additional plots representing each ROI in detail are found in 

our Supplementary Material (Figs. S1–S5).

Regional correlations between MWF and DTI indices

Correlations between MWF and DTI indices are shown in Figure 4. Pearson correlations 

across 12 of the 14 ROIs demonstrate significant correlations, while the cerebellum (FA, 

MD, or AxD vs. MWF) and cerebral peduncle (all DTI indices vs. MWF) exhibited no 

significance. Figure 5 shows the direction of these trends: FA vs. MWF exhibited significant 

positive correlations, while RD vs. MWF, MD vs. MWF, and AxD vs. MWF exhibited 

significant negative correlations, as expected. However, in terms of effect size, all DTI 

indices exhibited weak-to-moderate correlations with MWF, with RD exhibiting, overall, 

the highest coefficient of correlation with MWF. Additional plots representing each ROI in 

detail are found in our supplementary material (Supplementary Figs. S6–S9).

Last-in-first-out paradigm

Table 4 shows, for each ROI, the calculated specific year at which MWF or DTI indices 

peaked, when applicable. This was used to investigate the last-in-first-out hypothesis by 

comparing the age of maximum maturation between the posterior and anterior regions of 

the brain. As seen, DTI indices peaked earlier as compared to MWF for most ROIs in 

agreement with Figs. 2–3. Furthermore, the MWF and DTI indices of the posterior brain 

regions, especially, the occipital and temporal lobes as well as the cerebellum reached a peak 

age at later ages as compared to all other cerebral structures including the anterior structures 

such as the frontal lobes.

Gain-predicts-lost paradigm

The gain-predicts-loss hypothesis was then investigated, in each ROI and for each MR 

metric, through calculation and comparison of the maturation and degeneration rates. Figure 

6 provides a comparison of the maturation and degeneration phases as a function of age for 

5 representative WM regions and each MR parameter studied. Visual inspection indicates 

that the maturation and degeneration rates are near-symmetrical especially for MWF but 

only in a few ROIs for the diffusivity indices. Table 5 shows the calculated rates with 

corresponding standard errors (SEs). For each metric and each ROI, the absolute magnitudes 

of the maturation and degeneration rates were statistically compared. The results indicate 

no statistical differences between the magnitudes of maturation and degeneration rates. 

Additional plots representing each ROI in detail are found in our supplementary material 

(Supplementary Figs. S10–S14). Further, for all parameters and ROIs, the SEs of the 

maturation rates were much higher than those of the degeneration rates. Additionally, the 

SEs of the rates of the DTI indices were much higher than those of the rates of the MWF 

metric.

DISCUSSION

We used advanced quantitative MRI parameters, namely, MWF and DTI indices, to 

characterize the maturation and degeneration phases of the human cerebrum across the adult 
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lifespan in a large cohort of well-characterized cognitively unimpaired subjects spanning a 

wide age range. Our goal was to establish specific and sensitive in-vivo imaging biomarkers 

that can help define the evolution of normal aging in the cerebrum and characterize the 

heterogenous regional alterations that reflect the microstructural status of white matter 

tissue. We believe that the present work provides a unique description of MR neuroimaging 

biomarkers in the human brain by incorporating a large cohort of cognitively normal adults 

and an exhaustive number of quantitative MR measures. These MR markers offer the 

possibility of probing tissue biophysical properties and may help to further define the 

relationships between changes in cognition, function, and tissue microstructure.

Our results demonstrate strong regional quadratic trends of our MR measures with age, 

peaking at approximately middle age. The quadratic association between MWF and age in 

white matter regions observed in the present study (N = 147, 21–94 years), conducted on the 

largest cohort size with the widest adult age range and improved age distribution to date, is 

consistent with our previous report (N = 106, 22–94 years), Arshad and colleagues’ study 

(N = 61, 18–84 years) and Dvorak and colleagues’ recent study (N = 100, 20–78 years), 

all describe an inverted U-shape trend of MWF values with age in different white matter 

regions (19, 33, 55). This quadratic association is attributed to the process of myelination 

from youth through middle age, followed by demyelination in later years (19, 33, 55, 63); 

this pattern is in agreement with postmortem observations (10, 12). As expected, we found 

that different regions exhibit both similarities and differences in associations between MWF 

and age, with most regions peaking at the fifth decade of life. However, and surprisingly, 

Billiet’s study (N = 59, 17–70 years) showed no difference in MWF with age, while 

Canales-Rodríguez and colleagues (N = 145, 18–60 years) observed linear regional trends 

between MWF and age (56, 57). However, the age range of the cohorts in these studies 

was relatively limited. Indeed, although Billiet’s study incorporated a wide age range, it 

did not include subjects above the age of 70 and incorporates only three subjects over 

60 years, while Canales-Rodríguez’s cohort was composed primarily of relatively young 

adult subjects. These limitations in previous studies may have precluded detection of the 

nonlinear, more biologically plausible, association of MWF with age. Indeed, nonlinear 

patterns with age in various WM brain structures have been found using conventional 

quantitative MRI methods, including DTI indices (13, 19, 61, 65, 88–90). Our DTI results 

are consistent with these reports, indicating a U-shaped relationship between the diffusivity 

metrics and age in most ROIs, with FA exhibiting an inverted U-shaped relationship. These 

results further support the notion of white matter maturation until middle age followed by 

a phase of degeneration. However, interestingly, all DTI indices peaked at earlier ages as 

compared to MWF, in agreement with previous reports (17, 24, 89); this highlights that DTI 

indices are sensitive to the underlying microarchitectural status of the brain parenchyma and 

the degree and direction of water molecule mobility, yielding information complementary 

to MWF. Indeed, our results indicate that all DTI indices exhibited weak-to-moderate 

correlations with MWF. This supports the notion that these DTI indices, including FA and 

RD, cannot serve as specific markers of myelin content due to their sensitivity to other 

microstructural characteristics including axonal density (19, 56, 69, 91). Therefore, any of 

these diffusion parameters alone cannot describe the temporal and spatial maturation and 

degeneration processes involved in senescence, highlighting the value of using multiple 
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advanced and conventional quantitative MRI metrics that are specific or sensitive to distinct 

tissue features for clinical research (92–94).

Our quantitative analyses showed that the occipital lobes exhibited delayed maturation 

compared to the other lobes. This pattern is consistent with the last-in-first-out paradigm, 

in which posterior brain regions are spared from degeneration in contrast to anterior brain 

regions (58, 59, 95–97). However, additional studies, particularly longitudinal studies, are 

required for further validation. Finally, we tested the gain-predicts-loss hypothesis in the 

specific context of brain maturation and degeneration. Using longitudinal relaxation rate and 

diffusion metrics, previous MRI-based studies have demonstrated support for this theory in 

the cerebrum (66, 98), and have indicated that age-related processes are, to a certain extent, 

mirror-symmetric developmental processes in terms of time-course. In agreement with these 

observations, our novel results, especially using MWF mapping, provide support to the gain-

predicts-loss hypothesis of tissue maturation and degeneration in the white matter tissue. 

Indeed, MWF followed regional curve shapes that were roughly symmetric with respect to 

age in most regions evaluated. We interpret these results as indicating that maturation and 

degeneration of myelin sheets occur in a more temporally symmetric fashion. If confirmed, 

the MWF model will guide early interventions as it suggests that knowledge of a tissue state 

in early adulthood should predict the tissue state at a symmetric age post peak. Interestingly, 

this was, overall, not the case for the DTI indices for which the degenerative phase occurred 

more rapidly than the maturation phase. The DTI indices, as indicated above, reached the 

maximum maturation at earlier ages when compared to MWF. Therefore, assessing the 

gain-predicts-loss paradigm in this context is unreliable given the limited data points in 

the maturation phase, as reflected by the large SEs in derived rates. Histological analyses, 

longitudinal studies, and studies involving younger participants are required to confirm our 

findings.

Although conducted on a large cohort and using state-of-the-art methods, our investigation 

has limitations. Our cohort does not include very young participants (< 20 years old); 

inclusion of younger participants may influence the quantification of the age trends (99) 

as well as the interpretation of the symmetrical trends observed between the maturation 

and degeneration phases. Moreover, contamination due to partial volume issues may have 

been introduced in the calculated MWF and DTI indices derived values. To minimize this 

potential effect, all ROIs were eroded followed by careful visual inspection. Nevertheless, 

some partial volume effects could have persisted, especially in small structures. In 

addition, age-related tissue atrophy could lead to non-optimal image registration, potentially 

introducing some bias in derived parameter values. Nevertheless, visual inspection indicates 

that age-related tissue atrophy was limited to a very few participants belonging to the oldest 

age decade of our cohort. Finally, several physiological and experimental parameters could 

bias MWF determination. These include, but are not limited to, exchange between water 

pools (100–102), magnetization transfer between free water protons and macromolecules 

(100, 103), iron content (104), internal gradients (105, 106) and differential signal 

attenuation due to water diffusion in underlying compartments (107–109), which are not 

considered in either the BMC-mcDESPOT formalism or the other MWF measurement 

methods available. However, the multi-spin-echo (MSE)-based MRI sequences remain the 

reference methods for MWF mapping (2, 45, 83, 110–112). This is likely due to the 

Kiely et al. Page 9

Neuroimage. Author manuscript; available in PMC 2023 February 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



availability of these imaging sequences on most preclinical and clinical MRI systems, the 

simplicity of the signal model, and the extensive histological validation conducted over 

the last two decades (28, 29). However, it must be emphasized that, although validated 

with histology, MWF corresponds to the ratio of the short relaxing component fraction, 

presumably attributed to the myelin water signal, to the total water. Therefore, this measure 

could be biased in the case of a substantial increase in the extra-cellular water due to edema 

or inflammation. Finally, further histological-based validation of the MWF estimates derived 

using BMC-mcDESPOT is required.

CONCLUSIONS

On a uniquely large cohort of cognitively normal adults spanning a wide age range and using 

MWF and DTI MRI measures, we confirmed that brain maturation continues until middle 

age followed by a phase of rapid degeneration at older ages. Sexual dimorphism in all 

these parameters was, overall, not significant. Furthermore, weak-to-moderate correlations 

between the DTI indices and MWF were observed, indicating the potential of using these 

outcome measures in a multiparametric approach in clinical investigations. Finally, our novel 

results support the last-in-first-out and the gain-predicts-loss hypotheses of cerebral white 

matter maturation and degeneration.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Number of participants per age decade and sex within the study cohort for MWF and DTI.
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Figure 2. 
MWF, FA, MD, RD, and AxD represented as averaged participant maps calculated across 

age decades. The displayed parameter maps correspond to slice number 90 of the MNI atlas. 

Visual inspection indicates an increase in MWF values from early adulthood to middle age, 

followed by a decrease in values afterwards. FA, MD, RD, and AxD show earlier peaks in 

early adulthood, with lower FA values and higher MD, RD, and AxD values at advanced 

age.
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Figure 3. 
Plots illustrating regional MWF, FA, MD, RD, or AxD values as a function of age for 

five representative cerebral white matter ROIs: whole brain (WB) WM, frontal (FL), 

occipital (OL), parietal (PL), and temporal (TL) lobes WM. For each ROI, the coefficient of 

determination, R2, is reported. Plots of all ROIs can be found in the Supplementary Material 

(Figs. S1–S5).
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Figure 4. 
Correlational matrix providing the Pearson correlation coefficient, R2, of each DTI metric 

vs. MWF for each ROI. Cell values in a black box represent the Pearson correlation 

coefficients that were statistically significant after FDR (p < 0.05). The ROIs are ranked 

in order of decreasing mean R2 values across all metrics. Similarly, the MR parameters 

themselves are ranked in descending order of mean R2 values across all ROIs.

Kiely et al. Page 20

Neuroimage. Author manuscript; available in PMC 2023 February 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. 
Plots illustrating regional Pearson correlations between FA, MD, RD, or AxD and MWF 

for five representative cerebral white matter ROIs corresponding to the whole brain (WB) 

WM, frontal (FL), occipital (OL), parietal (PL), and temporal (TL) lobes WM. For each 

ROI, the coefficient of determination, R2, is reported. Plots of all ROIs can be found in the 

Supplementary Material (Figs. S6–S9).
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Figure 6. 
Plots illustrating the piecewise linear fits of the maturation and degeneration phases as a 

function of age for all MR parameters and 5 representative ROIs: whole brain (WB) WM, 

frontal (FL), occipital (OL), parietal (PL), and temporal (TL) lobes WM. The blue solid 

lines indicate the actual age range of our cohort, the dashed red line indicates the peak ages, 

while the green line indicates the age at a symmetrical age interval between the minimum 

age of our cohort and the peak. Plots of all ROIs can be found in the Supplementary Material 

(Figs. S10–S14).
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Table 1.

Cohort characteristics for each MR modality.

Age (yrs.) Sex

Range Mean ± SD Men Women

MWF 21 – 94 53.7 ± 21.1 84 63

DTI 21 – 94 52.7 ± 21.3 81 61

SD: standard deviation, MWF: myelin water fraction, DTI: diffusion tensor imaging. For each modality, age was not significantly different between 
men and women.
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Table 2.

Regression coefficient ± standard error of age and age2 terms incorporated in the linear regression for the 

14 cerebral white matter structures and for each MR parameter studied. Sex results were not reported as it 

exhibited nonsignificant effect.

MWF FA MD RD AxD

Age 
(×10−3)

Age2 

(×10−5)
Age (×10−3) Age2 

(×10−5)
Age (×10−6) Age2 

(×10−8)
Age (×10−6) Age2 

(×10−8)
Age (×10−6) Age2 

(×10−8)

Whole Brain 2.33±0

.63*
−2.66±0.55* 0.98±0.39* −1.59±0.34* −3.50±0.84* 5.25±0.74* −3.52±0.89* 5.46±0.78* −3.41±0.80* 4.75±0.70*

Frontal 2.45±0.66* −2.90±0.58* 0.52±0.41* −1.33±0.36* −2.90±0.89* 4.73±0.78* −2.87±0.95* 4.95±0.84* −2.92±0.82* 4.27±0.72*

Occipital 2.77±0.76* −2.85±0.67* 1.13±0.43* −1.42±0.37* −3.09±1.02* 4.74±0.89* −3.44±1.08* 5.18±0.95* −2.34±0.99* 3.79±0.87*

Parietal 2.44±0.69* −2.81±0.61* 0.94±0.42* −1.56±0.37* −3.63±1.45* 6.51±1.27* −3.67±1.49* 6.73±1.31* −3.60±1.44* 6.07±1.26*

Temporal 2.38±0.70* −2.65±0.62* 1.05±0.53* −1.73±0.47* −4.11±0.89* 5.63±0.78* −4.31±1.00* 6.08±0.88* −3.66±0.82* 4.65±0.72*

Cerebellum 1.80±0.68* −1.94±0.60* 1.60±0.63 −1.56±0.56* −2.93±1.03* 2.89±0.90* −3.07±1.07* 3.04±0.94* −2.60±1.21 2.52±1.06*

Corpus 
Callosum

1.87±0.64* −2.31±0.57* 0.94±1.18* −2.55±1.04* −2.24±1.85* 5.39±1.63* −2.15±2.29* 6.08±2.01* −2.73±1.75* 4.21±1.54*

Internal 
Capsule

1.97±0.64* −2.37±0.56* 2.74±0.88* −2.86±0.77* −5.37±1.13* 6.20±0.99* −4.84±1.18* 5.62±1.03* −6.50±1.34* 7.38±1.17*

Cerebral 
Peduncle

2.00±0.59 −1.93±0.52* −0.62±0.82* −0.063±0.72 −2.78±1.28* 3.97±1.12* −1.79±1.28* 3.23±1.13* −4.69±1.67* 5.28±1.47*

Corona 
Radiata

2.43±0.79* −3.03±0.70* 1.09±0.62* −1.83±0.54* −2.71±1.03* 4.17±0.90* −2.78±1.09* 4.40±0.95* −2.50±1.09* 3.61±0.96*

Thalamic 
Radiation

1.68±0.71* −2.22±0.63* 1.51±0.58* −2.10±0.51* −2.82±0.93* 3.91±0.81* −3.16±1.00* 4.41±0.87* −1.84±0.94* 2.59±0.83*

Fronto 
Occipital 
Fasciculus

2.21±0.69* −2.70±0.61* 1.24±0.71* −1.54±0.62* −3.46±1.02* 4.78±0.90* −3.68±1.09* 4.94±0.96* −3.08±1.13* 4.47±1.00*

Longitudinal 
Fasciculus

2.19±0.70* −2.60±0.62* 0.63±0.71* −1.16±0.62 −2.51±0.74* 3.26±0.65* −2.53±0.86* 3.45±0.76* −2.33±0.91* 2.70±0.80*

Forceps 2.21±0.70* −2.64±0.61* 1.32±0.65* −2.34±0.57* −3.07±0.89* 4.71±0.78* −3.45±1.04* 5.51±0.91* −2.31±0.91* 3.06±0.80*

*
indicates significance at p < 0.05 after FDR correction. The actual p-values are provided in the Supplementary Material (Table S1).
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Table 3.

Likelihood-ratio test p-values comparing regression models to assess whether the data supports a quadratic 

model versus a linear model for all metrics in all ROIs. Bold indicates significance at p < 0.05.

MWF FA MD RD AxD

Whole Brain 1.91 ×10 −5 6.10 ×10 −5 1.86 ×10 −10 5.24 ×10 −10 2.40 ×10 −9 

Frontal 1.74 ×10 −5 4.43 ×10 −4 2.32 ×10 −8 5.41 ×10 −8 5.41 ×10 −8 

Occipital 4.64 ×10 −5 4.43 ×10 −4 5.90 ×10 −7 3.72 ×10 −7 4.02 ×10 −5 

Parietal 3.09 ×10 −5 1.77 ×10 −4 1.26 ×10 −6 1.00 ×10 −6 7.46 ×10 −6 

Temporal 4.64 ×10 −5 4.43 ×10 −4 1.86 ×10 −10 5.24 ×10 −10 6.45 ×10 −9 

Cerebellum 1.25 ×10 −3 7.24 ×10 −3 1.38 ×10 −3 1.54 ×10 −3 0.0167

Corpus Callosum 7.63 ×10 −5 0.0161 1.05 ×10 −3 2.79 ×10 −3 6.69 ×10 −3 

Internal Capsule 4.64 ×10 −5 4.43 ×10 −4 1.38 ×10 −8 3.72 ×10 −7 1.03 ×10 −8 

Cerebral Peduncle 3.09 ×10 −4 0.929 5.10 ×10 −4 4.20 ×10 −3 4.89 ×10 −4 

Corona Radiata 4.64 ×10 −5 1.20 ×10 −3 7.83 ×10 −6 9.31 ×10 −6 2.99 ×10 −4 

Thalamic Radiation 4.81 ×10 −4 1.77 ×10 −4 3.65 ×10 −6 1.47 ×10 −6 2.09 ×10 −3 

Fronto Occipital Fasciculus 4.64 ×10 −5 0.0161 5.90 ×10 −7 1.00 ×10 −6 2.48 ×10 −5 

Longitudinal Fasciculus 4.64 ×10 −5 0.0630 1.77 ×10 −6 1.00 ×10 −5 9.61 ×10 −4 

Forceps 4.64 ×10 −5 1.77 ×10 −4 2.32 ×10 −8 3.50 ×10 −8 2.48 ×10 −4 
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Table 4.

Table of peak ages (in years) for each MR parameters in the 14 cerebral white matter ROIs investigated. NS 

indicates that the quadratic effect of age, age2, was not significant, while NA indicates that the calculated peak 

age was outside of the sample age range.

MWF FA MD RD AxD

Whole Brain 43.76 30.86 33.40 32.28 35.84

Frontal 42.34 NA 30.68 28.98 34.20

Occipital 48.58 40.07 31.48 32.09 29.91

Parietal 43.34 30.27 27.92 27.24 29.69

Temporal 44.83 30.35 36.55 35.48 39.37

Cerebellum 46.34 51.32 51.01 50.84 51.71

Corpus Callosum 40.51 NA NA NA 32.58

Internal Capsule 41.41 47.77 43.32 43.07 43.98

Cerebral Peduncle 51.70 NS 34.27 26.24 44.18

Corona Radiata 40.16 29.76 32.48 31.58 34.55

Thalamic Radiation 37.84 35.84 35.46 35.48 35.51

Fronto Occipital Fasciculus 40.88 40.12 36.23 37.26 34.47

Longitudinal Fasciculus 42.21 NS 38.32 36.59 43.09

Forceps 41.86 28.18 33.26 31.85 38.60
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Table 5.

The slopes ± standard error of the maturation (Mat) and degeneration (Deg) phases of the standardized 

MWF and DTI indices for the 14 white matter ROIs investigated. All maturation and degeneration rates were 

statistically compared, with none being significantly different. NA indicates that maturation/degeneration rates 

could not be calculated, see Table 4.

MWF FA MD RD AxD

Mat 
Rate 

(×10−3)

Deg Rate 
(×10−3)

Mat 
Rate 

(×10−3)

Deg Rate 
(×10−3)

Mat Rate 
(×10−6)

Deg Rate 
(×10−6)

Mat Rate 
(×10−6)

Deg Rate 
(×10−6)

Mat Rate 
(×10−6)

Deg Rate 
(×10−6)

Whole Brain 1.16±0.46 −1.25±0.13 0.95±1.07 −0.91±0.08 −3.02±1.85 2.94±0.19 −3.76±2.29 3.14±0.20 −1.89±1.50 2.48±0.19

Frontal 1.30±0.59 −1.40±0.12 NA NA −3.98±2.53 2.80±0.19 −5.38±3.16 3.02±0.20 −2.22±1.60 2.34±0.19

Occipital 1.05±0.36 −1.18±0.25 0.45±0.47 −0.67±0.10 −3.31±2.24 2.83±0.24 −3.39±2.15 3.04±0.25 −3.05±2.54 2.34±0.22

Parietal 1.18±0.57 −1.31±0.14 1.72±1.14 −0.95±0.09 −12.36±5.48 4.17±0.28 −14.47±7.58 4.37±0.27 −7.91±4.56 3.75±0.28

Temporal 1.18±0.47 −1.24±0.16 1.22±1.46 −1.01±0.11 −2.44±1.58 2.98±0.21 −2.94±1.88 3.30±0.24 −1.54±1.10 2.27±0.20

Cerebellum 0.92±0.41 −0.89±0.16 0.57±0.31 −0.62±0.27 −0.83±0.51 1.02±0.45 −0.90±0.53 1.09±0.47 −0.71±0.60 0.86±0.52

Corpus 
Callosum 1.12±0.66 −1.19±0.12 NA NA NA NA NA NA −3.5±6.91 4.93±0.60

Internal 
Capsule 1.25±0.64 −1.19±0.11 0.60±0.49 −0.99±0.31 −1.19±0.97 2.50±0.31 −0.96±1.00 2.24±0.32 −1.69±1.02 3.02±0.38

Cerebral 
Peduncle 0.71±0.26 −0.79±0.22 NA NA −1.57±2.28 2.10±0.29 −1.41±6.47 1.93±0.23 −1.27±1.24 2.19±0.46

Corona 
Radiata 1.61±0.92 −1.52±0.15 1.14±1.96 −1.05±0.12 −2.41±2.53 2.35±0.22 −2.98±2.68 2.52±0.23 −1.25±2.08 1.93±0.25

Thalamic 
Radiation 1.99±1.06 −1.25±0.13 0.75±1.05 −1.05±0.13 −1.56±1.58 2.04±0.21 −1.77±1.81 2.30±0.23 −0.81±1.59 1.36±0.22

Fronto 
Occipital 
Fasciculus

1.45±0.70
−1.35±0.12

0.26±0.92
−0.66±0.17

−1.50±1.78
2.43±0.24

−1.46±1.77
2.44±0.26

−1.29±2.19 2.34±0.26

Longitudinal 
Fasciculus 1.33±0.62 −1.27±0.14 NA NA −0.87±1.20 1.57±0.17 −1.13±1.48 1.76±0.20 −0.53±0.77 1.13±0.24

Forceps 1.28±0.63 −1.30±0.14 1.78±2.48 −1.42±0.13 −2.40±2.29 2.66±0.20 −3.39±2.68 3.20±0.23 −0.77±1.45 1.50±0.21
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